Modeling and experimental study on phase matching of second harmonic generation in different color HgGa 2 S 4 crystals are carried out. Using the known Sellmeier equations, the dispersion relation with weighting proportionally to short-wavelength boundary of the crystal transparency band is proposed. Optimal dispersion relations and phase-matched conditions for different color HgGa 2 S 4 crystals can be specified. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2734923͔
Laser frequency conversion by application of nonlinear crystals transparent in the spectral range from 0.4-0.6 to 11.5-15 m is very attractive because of many benefits. It gives a possibility to design all solid-state coherent sources for near IR and middle IR by optical parametric processing under pumping with neodymium doped yttrium aluminum garnet or visible-range dye and Cu-vapor lasers. Regrettably, widely used middle-IR nonlinear crystals are not transparent or have high optical losses at most suitable solidstate near-IR and visible-range laser wavelengths. The available nonlinear crystals such as AgGaS 2 and GaSe have many disadvantage parameters for IR optical devices. For example, AgGaS 2 shows the low damage threshold and the lowest nonlinear coefficient d 36 = 12.5 pm/ V among the crystal transparent in the middle IR spectral range and GaSe crystals are very soft ͑Mohs hardness is Ϸ0͒ and easy sliceable, have too high birefringence B = 0.35 at = 1.06 m and 0.375 at = 10.6 m and low thermal conductivity of 0.02 W / cm K in the direction normal to crystal planes. Now great attention is paid to negative single axis HgGa 2 S 4 crystal related to 4 point group. Their band gap corresponds to ϳ440 nm short-wavelength transparency end.
1 The crystal possesses top rank nonlinear optical coefficients among the crystals transparent in visible-middle-IR range.
1-3 HgGa 2 S 4 crystals show suitable birefringence, Mohs hardness, thermal conductivity, high specific heat capacity, density, and higher damage threshold. [3] [4] [5] [6] Present state of growth technology for suitable size crystal results in the change of HgGa 2 S 4 crystals with specimen-to-specimen color ranging from light green to yellow, orange, and further to red and black, depending on increasing of HgS content.
Black color crystals are not stable at the room temperature. 7 Stable green or orange color crystals are characterized by broad transparency range of 0.5-13 m with some shifting of short-wavelength transparency end as a function of color and light wave polarization.
2 However, the dependence of nonlinear optical coefficients of HgGa 2 S 4 on crystal color and phase-matched angles ͑PMA͒ versus temperature are not studied up to now. At the same time as high as 8°-9°differ-ences are detected between measured internal CO 2 laser second harmonic generation ͑SHG͒ PMA and the values estimated with earlier approximated Sellmeier equations reported in Ref. 7 . 4 Fig. 1͑a͒ for SHG of CO 2 laser. Multiple crossings of theoretical lines are evident within 9 -10 m spectral range. As we know light-green crystal was studied in Ref. 9 , but the basis for Sellmeier equations mentioned is unknown. 11 In this letter we investigate the phase-matched conditions in variable ͑light green to orange͒ color HgGa 2 S 4 crystal by model estimations and experimental methods in detail.
In our experiment a mechanically polished single crystal HgGa 2 S 4 plate with dimensions of 10ϫ 12ϫ 3.1 mm 3 and color variations from light green to orange over the big plane area was used.
2 Chemical composition has been determined by electron probe microanalysis by LEO-1430 device with scanning area of 0.1ϫ 0.1 mm 2 for several positions at the 10ϫ 12 mm 2 sample surface. The actual composition is Hg 1.02±0.08 Ga 1.90±0.04 S 4 without any reasonable relation to local area color, which is in good relation with the result re- Fig. 1͑c͒ the spectra are shown as a function of beam position. At 10% level the short-wavelength end of transparency range found at 528 nm for deepest orange part of the crystal is shifted to longer wavelength in reference to 520 nm for yellow and 512 nm for light-green part of the crystal. Long-wavelength transparency end is studied with Specord 80 IR ͑2.5-25 m͒ and the same result 14.3 m for different colors is record. The analysis of both chemical composition and transparency spectra confirm the absence of severe changes in the crystal composition with color variation.
To confirm correlation between the color variation and phase matching ͑PM͒ conditions, we have carefully measured PMA for SHG under CO 2 laser pump. Low-pressure line-tunable Q-switched CO 2 laser is used in the experiment. 12 A ZnSe lens with 100 mm focal length is used to focus pump beam into the crystal, which is installed into ϳ1°C accuracy temperature-controlled oven operating at temperature T = 20-300°C.
Step-motor-driven computercontrolled rotational stage with positioning accuracy 4.5 in. is used for precision determination of the PMA.
Step-motordriven computer-controlled UV-far infrared monochromator with three gratings is used to measure pump and/or second harmonic wavelengths and liquid nitrogen-cooled HgCdTe detector is applied to control the output powers. Pyroelectric PCI-L-3 detector and TDS3052 oscilloscope are used as reference channel and to monitor pulse time and shape, respectively. The residual pump radiation is blocked by Ge filter.
In Fig. 1͑a͒ the experimental data of SHG on CO 2 laser 9 m emission band are presented for pumped points 1, 4, and 7 on the crystal surface shown in Fig. 1͑c͒ inset. To improve the accuracy the changes of SHG output powers versus angular mismatch were also developed and approximated shown in Fig. 1͑b͒ . One can see that maximal difference in PMA for different color local points is ϳ1.5°. Our data for light-green local point 1 are close to the data by Takaoka and Kato for his green colored or somewhat yellowish HgGa 2 S 4 crystal, 11 where the difference in PMA is not above ϳ1.5°. Our experimental data for yellow and orange points 4 and 7 are shifted in the direction to diagrams by Petrov et al. for yellow and orange color crystals. 8 But the data for our orange point are in good coincidence with his diagram reported for his yellow color crystal and are 3°-5°l arger in reference to his data for orange color crystals. All crystal colors were characterized by eye, which can be quantitatively related to transparency spectra shown in Fig. 1͑c͒ . It was also found that angular bandwidth of CO 2 laser type I SHG can be used for determination of best-fit Sellmeier equations, because significant difference is observed in the values estimated with using different Sellmeier equations, as it is illustrated in Fig. 2 Fig. 2͑b͒ shows that temperature difference of the HgGa 2 S 4 crystals in different studies is not able to influence significantly the result measurements because of low level temperature dispersion of d / dT = 0.36Ј / 1°C at pump wavelengths = 9.48-9.53 m. Two types of binary phase diagram HgS -Ga 2 S 3 are reported. 7, 14 These diagrams are different in melting type for HgGa 2 S 4 . Because the field of primary crystallization of HgGa 2 S 4 is shifted to HgS, an attempt to determine the relation between mercury thiogallate color variation and possible HgS excess seems be reasonable. From the crystal structure of HgGa 2 S 4 it is clear that 1 / 4 of cation positions are vacant and this gives a chance for incorporation of excessive mercury ions. 15 In our opinion, the deviation of the crystal composition will be dependent on several factors such as initial charge composition, technological parameters of crystal growth process, and postgrowth annealing. Additively, it should be pointed that mercury thiogallate crystals with most high structure quality were grown with chemical vapor transport method and these crystals are characterized by yellow color. [14] [15] [16] In Fig. 3͑a͒ the experimental results on CO 2 laser SHG PMA for different color parts of the crystal under study are shown together with theoretical curves.
All presently known experimental results are included except for enormously different results reported in Refs. 2 and 10. Evidently, all experimental points are confined between the curves related to Sellmeier equations from Refs. 3 and 8 ͑yellow crystal͒. Then the intermediate curves can reasonably be calculated by interpolation with the help of relation, In Fig. 3 , the dependence is shown between short-wavelength end of HgGa 2 S 4 crystal transparency at 10% level shown in Fig. 1͑c͒ and y parameter. Using the curve it is possible to reveal the short-wavelength transparency end at 10% level of crystal by Takaoka and Kato 3 as ϳ500 nm. It is also found that short-wavelength end of the crystal transparency determined at up to 40% level could be also used for estimations. Furthermore, it is obtained that previous experimental data on PMA given in Ref. 13 differed drastically from other results are caused by incorrect crystal orientation. Careful analysis of our experimental results earlier reported in Ref. 2 reveals that as low as 1.5°difference in phase matching angles for different color parts of HgGa 2 S 4 crystal could not be identified experimentally in the study for the low accuracy of rotational stage ͑0.1°͒ used in experiment and instability of output pulse peak power of mini-TEA CO 2 laser. It was also supposed that Sellmeier equations given in Ref. 7 for orange color crystal could be considered as correct if to classify crystal color as very deep orange or red. In the following studies such color mercury thiogallate crystals were not used in experiments because of bad optical quality and chemical instability.
In conclusion, comparative analysis of earlier published Sellmeier equations for mercury thiogallate reveals great difference between theoretical PM curves calculated for type I SHG. Available confusion of phase matching conditions for SHG in HgGa 2 S 4 crystal is mainly caused by different dispersion properties for different color crystals, not quantitative determination of the crystal color, mistakes in determination of crystal orientation and measurement accuracy. Synthetic dispersion equations were generated by combining Sellmeier equations proposed in Refs. 3 
